Magnetic field fluctuations arising from fundamental spins are ubiquitous in nanoscale biology, and are a rich source of information about the processes that generate them. However, the ability to detect the few spins involved without averaging over large ensembles has remained elusive.
of the sensor located in the lipid bilayer were optically detected and found to be sensitive to nearindividual (4 ± 2) proximal gadolinium atomic labels. The detection of such small numbers of spins in a model biological setting, with projected detection times of one second, opens a new pathway for in-situ nanoscale detection of dynamical processes in biology.
The development of sensitive and highly localized probes has driven advances in our understanding of the basic processes of life at increasingly smaller scales (1) . In the last decade there has been a strong drive to expand the range of probes that can be used for studying biological systems (2) (3) (4) (5) (6) , with emphasis on the detection of atoms and molecules in nanometer sized volumes in order to gain access to information that may be hidden in ensemble averaging.
However, at present there are no nanoprobes suitable for directly sensing the weak magnetic fields arising from small numbers of fundamental spins in nanoscale biology, occurring naturally (e.g. free-radicals) or introduced (e.g. spin-labels), which can be a rich source of information about processes at the atomic and molecular level. Magnetic resonance techniques such as electron spin resonance (ESR) have played an important role in the development of our understanding of membranes, proteins and free radicals (7); however, ESR sensitivity and resolution are fundamentally limited to mesoscopic ensembles of at least 10 7 spins with a sensitivity of ~ 2 × 10 9 spins/(Hz) 1/2 (8) . In a typical ESR application small electron spin label moieties are attached to the system of interest and their environment is investigated through spin measurements on the labels. Because of the large ensemble required nanoscopic detail at the few spin level can be lost in the averaging process. Recently, magnetic resonance force microscopy techniques have demonstrated single spin detection (9) (10) (11) , but these require cryogenic temperatures and vacuum. Here we demonstrate a nanoparticle probe -a nitrogen-vacancy spin in a nanodiamond -which is situated in the target structure itself and acts as a nanoscopic magnetic field detector under ambient conditions with non-contact optical readout. We employ this probe to detect near-individual spin labels in an artificial cell membrane at a projected sensitivity of ~ 5 spins/(Hz) 1/2 , effectively bridging the gap between traditional ESR ensemble based techniques and the ultimate goal of few-spin nanoscale detection under biological conditions.
Results and discussion
The overall set-up of our experiment is shown schematically in Figure 1A . The nanoparticle probe is the single spin of a nitrogen-vacancy (NV) centre contained in a nanodiamond particle ( Figure 1B ). NV-nanodiamonds are attractive nanoprobes for biology as they exhibit low toxicity and are photostable (12) (13) (14) . Here we investigate the magnetic field sensing capabilities of the NV centre in a biological context. Around these NV-nanodiamonds we formed a supported lipid bilayer (SLB) on a glass substrate. The SLB was created with lipids labeled with Gd 3+ , a common MRI contrast agent with spin 7/2 ( Figure 1C ) which produce characteristic magnetic fluctuations in the lipid environment ( Figure 1D ) and form our detection target. The ground state of the NV centre has a zero-field splitting of D = 2.87 GHz between the |0〉 and |±1〉 spin levels and optical-based spin state readout is possible due to the significantly lower fluorescence of the |±1〉 compared to the |0〉 state (15) ( Figure 1E ). These properties have led to demonstrations of DC and AC magnetic field detection using single NV spins (16) (17) (18) , and wide-field detection schemes employing ensembles of NV centres (19) (20) (21) (22) . For biological applications, where atomic level processes produce magnetic field fluctuations, it has been proposed that changes in the quantum decoherence of the NV spin could provide a more sensitive detection mechanism (23) (24) (25) . Ensemble relaxation based imaging has been demonstrated with sub-cellular resolution and detection of ~10 3 spins (26) . Towards the goal of using single NV spins as in situ nanomagnetometer probes in biology, quantum measurements on single NV spins have been carried out in a living cell (27) , and with the recent detection of external spins in well controlled environments (28) (29) (30) , the critical milestone is to demonstrate nanoscopic external spin detection in a biological context. Here we achieve this with near individual spin sensitivity by monitoring A schematic illustration of the T 1 measurement. The relaxation of the NV spin in the target environment is compared to that in the reference environment. Measurement at a single time point in the evolution allows faster detection.
The SLB was formed on the nanodiamond-glass substrate in tris-buffered saline (TBS) solution via the vesicle fusion technique (31) (Figure 2A ), and characterized by both fluorescence recovery after photo-bleaching (FRAP) and atomic force microscopy (AFM) ( Figure 2B , and Supplementary Information). AFM investigations showed that the SLB formed mainly around the nanodiamond particles (mean size = 15.9 ± 9.5 nm). The T 1 time of the NV spin was measured by optically polarizing into the |0〉 state and measuring the probability P 0 (t) of finding the NV in the initial |0〉 state at a later time t through spin state fluorescence contrast. In a low background field the |±1〉 spin states of the NV are approximately degenerate so the P 0 (t) decays as:
This form is a consequence of the 3-state nature of the NV spin manifold and the broad spectrum of the target spin bath (see Supplementary Information for the derivation). Figure 3A (green dashed curve) shows P 0 (t) (normalised fluorescence) for a single NV centre (NV1) under the TBS control conditions. Fitting to Equation (1) To demonstrate the consistency of the effect, this sequence was performed for five NV centres (NV1-NV5), in distinct nanodiamonds. Figure 3B 1% Gd-SLB 10% Gd-SLB the percentage change in T 1 for a set of centres, NV6-NV9. The data in B and C, after fitting to determine the relaxation times, have been scaled to the same asymptotic value for ease of presentation. All error bars represent the fitting uncertainties at the 95% confidence interval. Solid curves are the corresponding fits of the data to Equation
(1) which determine T 1 . Dashed curves correspond to the fitted data of the corresponding reference TBS measurement prior to each SLB measurement.
In order to understand these results quantitatively we consider the quantum evolution of the NV spin in the presence of magnetic field fluctuations arising from the various atomic processes involving the Gd spins in the SLB (see Supplementary Information) . The characteristic timescales of these fluctuations produce specific changes in the measured T 1 relaxation time of the NV spin from the reference value. In terms of external sources of decoherence, the quantum evolution of the NV spin is determined by the overall spectral distribution function,
which is governed by the characteristic environmental magnetic field fluctuation frequency, f e .
The Gd-labeled lipid environment produces magnetic field fluctuations due to cross-lipid Gd-Gd To directly compare our data with Equation (2) against Gd concentration, w. Generally, the data points lie in a NV depth range consistent with the measured AFM nanodiamond size distribution indicating that we observe T 1 [Gd] times in broad agreement with those predicted by Equation (2) . The trend to shallower NV depths as we move from 10% → 1% Gd-lipid concentration is consistent with the etching step in the processing of the sample between the 10% and 1% measurements which is likely to have removed several nm of material from the nanodiamonds. However, we note that for low concentrations we also expect some deviation to the scaling in Equation (2) due to the statistics of low Gd spin numbers. 
Materials and Methods

Nanodiamond preparation
Nanodiamond were purchased from VanMoppes, Switzerland (SYP 0 -0.03) and irradiated with high-energy electrons (2 MeV with a fluence of 1×10 18 electrons/cm 2 ) and vacuum annealed at 
T 1 measurements
Confocal imaging was performed on a home-built microscope using an oil-immersion objective (100x, Nikon). T 1 measurements were performed using a Spincore PulseBlaster card and a Fast ComTech P7889 Multiple-Event Time Digitizer card. Typical measurement time for a full evolution of a T 1 curve was 1 hour. Spin relaxation curves were fitted using Equation (1) in the main manuscript.
